r Astronauts have recently been discovered to have impaired vision, with a presentation that resembles syndromes of elevated intracranial pressure on Earth.
Introduction
When humans sit upright on Earth, the head-to-foot hydrostatic gradient (Gz) pulls fluid towards the feet. Conversely when lying in the supine posture, typically whilst asleep at night, fluid redistributes towards the head (Rowell, 1986) . Thus, gravity profoundly affects pressure, volume and flow in the human circulation with habitual changes in posture causing diurnal fluctuations in the distribution of fluid and regional pressures.
On Earth, these pressure fluctuations are normal and generally do not cause pathology. However, there are specific human conditions that are exacerbated or in some cases caused by these fluid shifts. For example, idiopathic intracranial hypertension and its symptoms are worse in the supine position, and in some cases may be detectable only at night (Torbey et al. 2004) . Intracranial hypotension occurs primarily in the upright position, and both these conditions can cause severe and intractable headache (Ducros & Biousse, 2015) .
In the absence of gravity, e.g. the microgravity environment encountered by astronauts on the International Space Station, this cephalad redistribution of body fluids, and in particular the cephalad redistribution of cerebral spinal fluid (CSF), has been hypothesized to cause a newly discovered syndrome of deterioration of visual acuity in astronauts (Mader et al. 2011) . In microgravity, redistribution of fluid towards the brain is hypothesized to elevate intracranial pressure (ICP) in a manner disproportionate to intraocular pressure (IOP), thus resulting in a reduced pressure gradient (IOP-ICP) across the lamina cribrosa at the posterior aspect of the eye. Indeed, in an acute model of simulated microgravity, head-down tilt (HDT; −9 and −10 deg) caused increased ICP (Petersen et al. 2016; Eklund et al. 2016) but not IOP (Eklund et al. 2016) . Astronauts with this syndrome develop physical findings suggestive of elevated ICP including papilloedema, flattening of the globe of the eye and dilatation of the optic nerve sheath. This analogy and the theoretical link between cephalad fluid shift and intracranial hypertension has led NASA flight surgeons to refer to the syndrome as the Visual Impairment/Intracranial Pressure syndrome, or 'VIIP' and it is considered to be NASA's top health risk for long-duration spaceflight, including exploration missions to Mars (Mader et al. 2011) . In addition to the exposure to microgravity on the International Space Station, it has been hypothesized that other environmental conditions (i.e. elevated ambient CO 2 concentration) and rigorous strength-based exercises regularly performed by astronauts to avoid musculoskeletal loss create a 'perfect storm' that causes raised ICP and visual impairments in astronauts (Nelson et al. 2014; Michael & Marshall-Bowman, 2015) .
Despite the attractiveness of this theory, however, no direct ICP measurements in microgravity with or without elevated CO 2 or resistance exercise have been made. Moreover, invasive studies of cardiovascular adjustments to microgravity have demonstrated that microgravity physiology is complex and at times counterintuitive; for example, central venous pressure (CVP), originally thought to be increased in astronauts, was decreased (Buckey et al. 1993; Videbaek & Norsk, 1997) . Despite our conceptual understanding of these fundamental relationships between gravity and human physiology, no investigation has documented the simultaneous adjustments in arterial, venous and cerebral spinal fluid pressures due to the influence of gravity.
Methods

Participants
Five men (age, 35 ± 13 years; height, 177 ± 13 cm; weight 87 ± 22 kg) and three women (age, 36 ± 4 years; height, 167 ± 11 cm; weight 63 ± 10 kg) who previously had an Ommaya reservoir (catheter placed from the lateral ventricle to a cerebral spinal fluid-filled reservoir under the scalp) inserted for the delivery of prophylactic CNS chemotherapy as part of their treatment for haematological malignancy were recruited to take part in this study. E-mails were sent to the medical directors of most major medical centres in the US managing adults with haematological malignancies describing the inclusion/exclusion criteria and requesting referrals. A Facebook page was created, and patient support groups were messaged, although the physicians of all interested volunteers were also consulted. All participants had structurally normal brains documented with magnetic resonance imaging, were free of their malignant disease for at least 1 year, had normal cardiovascular systolic and diastolic function documented by echocardiography, had normal complete blood counts including haematocrit, white blood cell count and platelets, and were on no regular medications that affect cerebral haemodynamics. All participants were informed of the purpose and risks of each procedure and signed an informed consent form, which was approved by the Institutional Review Board at the University of Texas Southwestern Medical Center and NASA Johnson Space Centre and followed guidelines set forth in the Declaration of Helsinki.
Data collection
Intracranial pressure. After a single intravenous dose of cefazolin, a fluid-filled 25 gauge butterfly needle was inserted in the Ommaya reservoir and connected to a pressure transducer (Transpac IV; Abbott, Chicago, IL, USA; Fig. 1 ). The wings of the butterfly needle were sutured to the scalp surrounding the Ommaya reservoir and secured with a head dressing so participants could move freely without dislodging the butterfly needle. The presence of cardiac and respiratory oscillations concomitant with the appropriate response to cough, Valsalva manoeuvre and head turning was used to confirm that the pressure waveform reflected ICP. The transducer was fixed at the level of the external acoustic meatus throughout all experimental conditions. As such, ICP was accurate through changes in posture and during microgravity. The pressure transducer was periodically zeroed to the atmospheric reference point.
Central venous pressure. A fluid-filled 4 French peripherally inserted central catheter was placed using ultrasound guidance into a brachial vein. Thereafter, the catheter was advanced to the level of the right atrium under fluoroscopic guidance and the correct position was confirmed by fluoroscopy and the presence of characteristic CVP waveforms (Fig. 1) . The position of the right atrium was marked on the body in the anteroposterior and lateral planes; the pressure transducer (Transpac IV; Abbott) was fixed to the body at the level of the right atrium during parabolic flight (study 2). During changes in posture (study 1) and bedrest (study 3) the pressure transducer was fixed to a pole and levelled to the right atrium with each change in posture. The pressure transducer was periodically zeroed to the atmospheric reference point. Both ICP and CVP pressure transducers were connected to a patient monitor (Tram-rac, Marquette, Milwaukee, WI, USA) with analog signal digitized through an analog to digital converter (MP-150, Biopac Systems, Goleta, CA, USA).
Haemodynamics. With changes in posture (study 1) and throughout HDT (study 3), steady-state arterial blood pressure was measured by electrosphygmomanometry (SunTechMedical Instruments Inc., Morrisville, NC, USA; Fig. 1 ) with a microphone placed over the brachial artery to detect Korotkoff sounds. During parabolic flight (study 2), bedrest (study 3) and throughout leg press exercise (study 4), beat-by-beat arterial blood pressure was also measured by photoplethysmography (Nexfin; BMEYE, Amsterdam, the Netherlands; Fig. 1 ), with changes in cardiac stroke volume calculated using the Modelflow method (Wesseling et al. 1993; Shibata & Levine, 2011) . The beat-by-beat blood pressure device was turned off during sleep (study 3). Prior to steady state data collection with changes in posture and during HDT, haemodynamic stability was confirmed by stable cardiac outputs (data not shown) via the acetylene rebreathing technique (model MGA1100, Marquette) (Jarvis et al. 2007 ). Jugular venous diameter. As an indirect indicator of cephalad fluid volume (fluid shifts above the heart), the cross-sectional area of the right internal jugular vein was measured by cardiac-gated B mode ultrasonography using a 7-12 MHz linear transducer (IE33, Phillips, USA; Fig. 1 ). The internal jugular vein was imaged 2 cm below the carotid bifurcation with care taken not to compress the vein. Identification of the jugular vein was confirmed by colour Doppler and by asking subjects to perform a small Valsalva manoeuvre. The maximum cross-sectional area was measured off-line at the ECG T-wave in triplicate for each condition (OsiriX, USA).
Experimental protocols
Study 1 assessed changes in ICP with change in posture from the 90 deg sitting upright to supine position. Moreover, whilst in the supine position, subjects placed their head on a pillow to assess the influence of this common procedure in patients subject to long-term bed rest. Measurements were performed in a quiet, environmentally controlled laboratory with an ambient temperature of ß25°C. changes were observed in either pressure system during parabolic flight. Study 3 assessed changes in ICP during prolonged exposure to simulated microgravity using a model of −6 deg HDT. During data analysis, careful attention was paid to identify pathological pressure waves as a sign of intracranial instability (Torbey et al. 2004) . Furthermore, the pulse amplitude of the ICP waveform was used to assess the compliance of the craniospinal system (Qvarlander et al. 2013a) . Protocol 4 assessed changes in ICP associated with increased ambient CO 2 equal to that measured on the International Space Station [F ICO 2 of 0.7% at 4 mmHg (Law et al. 2014) ], and with leg press exercise typically undertaken by astronauts to avoid musculoskeletal atrophy in space. Additional CO 2 was delivered by a tight fitting face mask. During parabolic flight, participants breathed this gas mixture for 3-5 min during the 1 g turn around (supine condition) and throughout one set of 5-10 parabolas. During bedrest, subjects breathed this CO 2 mixture for 5 min in the supine position and after 5 min (acute) and 24 h (prolonged) of −6 deg HDT. During onboard parabolic flight, data were averaged over the final minute of CO 2 breathing in 1 g and averaged over the following 5-10 periods of 0 g. In the supine and HDT conditions, data were averaged over the last minute of steady state.
To replicate the typical exercise regimes undertaken by astronauts to avoid musculoskeletal atrophy during spaceflight, leg press exercise was performed whilst breathing additional CO 2 . Therefore, during parabolic flight (5-10 parabolas), the supine position and after 5 min and 24 h HDT, participants continued to breathe additional CO 2 whilst performing moderate to heavy (7-8 on a 0-10 BORG rating of perceived exertion scale; Cooper et al. 1979) leg press exercise with self-paced breathing. During HDT, participants also completed five repetitions whilst performing Valsalva manoeuvres during the contraction phase and five repetitions whilst forcefully inhaling (Muller manoeuvre) during the contraction phase. During onboard parabolic flight, data were averaged over 1 min in 1 g and during the following 5-10 periods of 0 g with leg press exercise. In the supine and HDT conditions, data were averaged over 1 min prior to and throughout leg press exercise. Data are expressed as the average ICP at baseline and during each exercise condition.
Results
Study 1: changes in posture typically experienced during normal life on Earth
Transitioning from the 90 deg sitting to the supine posture ( Fig. 2A) , which removes the Gz hydrostatic gradient, caused an immediate increase in ICP that peaked in ß13 s and then declined slightly to reach steady state by 3 min (Fig. 2B) . At rest in the 90 deg sitting posture, CVP was 2 ± 3 mmHg and ICP was 4 ± 1 mmHg (Fig. 2C) . Despite the large hydrostatic gradient from the brain to the heart, it is likely that ICP was not lower than this value because the jugular veins are partially collapsed in the upright position ( Fig. 2D ), functioning as Starling resistors that interrupt the venous fluid column between the dural venous sinuses and the right atrium, and thus isolating the dural sinus pressure from CVP (Qvarlander et al. 2013b) . ICP was higher in the supine compared to the 90 deg sitting posture in every subject ( ICP 1.1±2.5 mmHg, Fig. 2C ). The immediate rise in ICP upon becoming supine was probably due to rapid redistribution of CSF and venous blood ( CVP 4.4 ± 3.5 mmHg, Fig. 2C ) toward the head. Furthermore, in the supine posture, the jugular veins are widely patent (Fig. 2D) , which permits the CVP to be transmitted directly to the dural venous sinuses, thereby influencing CSF resorption and ICP. This principle, that dural venous sinus pressure dictates ICP with changes in posture (Davson equation; Davson et al. 1973; Qvarlander et al. 2013b) , is supported by our data, which also found that the prediction of ICP based on a simple hydrostatic indifference point for the CSF system slightly underestimated the measured ICP (30 deg, −0.1 ± 1.6; 60 deg, −0.8 ± 2.1 mmHg, Fig. 2E ), implying that another factor, such as collapsibility of the jugular veins, contributes to the absolute change in upright ICP.
The mean blood pressure (BP) referenced at the heart, fell ( 13±7.1 mmHg, Fig. 2C ) with the transition from the 90 deg sitting posture to the supine posture, predominantly because of a decrease in diastolic blood pressure from vasodilatation. However, when the BP was ) . B, the same data split into males versus females. Although subject numbers are too low for conclusive between-group statistical analysis, removal of a single suspected outlier (>2SD from the mean) in the male cohort (dashed circle) suggests that females may have a smaller pressure differential between Earth and microgravity; n = 7 males, n = 3 females, unpaired t test. Black circles, males; white diamonds, females. This calculation reflects the 24 h difference in ICP between Earth and microgravity environments, assuming short-term measurements during parabolic flight reflect long-term measurements in space. Due to gravity, the brain and eye expect to 'see' a low pressure environment throughout two-thirds of the day, and therefore in microgravity a greater relative posterior optic pressure would be 'felt' throughout spaceflight, especially in males, which may explain the increased severity of optic remodelling observed in male versus female astronauts. The single male 'outlier' may also explain the atypical male astronauts completely devoid of visual impairment in space.
referenced to the external auditory meatus, to account for the heart-to-head hydrostatic fluid column to calculate cerebral perfusion pressure (CPP = mean BP -ICP), the BP was actually higher in the supine posture (90 deg sitting, 74 ± 18 vs. supine, 84 ± 16 mmHg, P = 0.01). As a result of these balanced changes in BP and ICP at the level of the brain, CPP remained stable regardless of body posture (90 deg sitting, 70 ± 18 vs. supine, 66 ± 18 mmHg, P = 0.13). While in the supine position, placing the head on a pillow consistently reduced ICP (supine 14 ± 2 vs. pillow, 10 ± 2 mmHg, P = 0.05).
Study 2: acute microgravity
To investigate the effect of acute microgravity on supine ICP, we examined subjects during parabolic flight (Fig. 3A) , which creates periods of true 0 g and its associated fluid shifts (Fig. 3B) (Petersen et al. 2011) . Throughout the parabolic flight, participants remained in the supine position with their spinal axis (z axis) perpendicular to the direction of flight to minimize any fluid shifts associated with change in the angle of the aircraft. As the aircraft flew level (1 g) for baseline measurements, ICP was stable and comparable to supine measurements made in Study 1 (ß16 mmHg, Fig. 3C ). As the aircraft pulled up to an angle of 45 deg, gravity almost doubled in the Gx (front-to-back) direction, which increased the CVP and ICP (Fig. 3B) , presumably due to an increase in intrathoracic pressure (Videbaek & Norsk, 1997) . During descent of the aircraft, when gravity was reduced to zero, ICP fell immediately (Fig. 3B ) and was followed a further gradual decline to ß20% below the 1 g supine value ( −3.8 ± 2.9 mmHg, Fig. 3C ). Importantly, although ICP in 0 g decreased compared to the supine posture, it was not as low as ICP in the 90 deg sitting posture on Earth (1 g) (0 g, 13 ± 2.6 mmHg vs. 90 deg sitting, 4.1 ± 1.4 mmHg, P < 0.0001, Fig. 4) .
As noted in previous parabolic flight experiments (Buckey et al. 1993; Videbaek & Norsk, 1997) , CVP fell consistently upon entering 0 g ( −2.8 ± 2.5 mmHg, Fig. 3C ), probably due to the reduction of intrathoracic igure 5. Twenty-four hours of simulated microgravity does not elevate ICP A, diagram of the experimental set-up used to simulate microgravity. Note that in −6 deg head-down tilt (HDT), the Gx hydrostatic gradient and a slight foot-to-head Gz hydrostatic gradient exist. B, original recordings in one participant of changes in arterial blood pressure (BP), intracranial pressure (ICP) and central venous pressure (CVP) throughout 24 h of simulated microgravity. The beat-to-beat blood pressure device was turned off during sleep. Arrow indicates onset of passive tilt to the −6 deg HDT position. Note the compressed time scale in the second graph to demonstrate the transition from supine to HDT. C, in every subject, ICP was slightly higher in the −6 deg HDT position compared to the supine posture, which is entirely explained by the increase in Gz, foot-to-head hydrostatic column within the CSF and venous compartments (Fig. 6 ). During sleep, ICP falls below the supine value and, importantly, ICP returns to the supine baseline value after 24 h of −6 deg HDT; n = 4, one-way ANOVA, * P < 0.05 vs. 0 deg. C, during sleep in −6 deg HDT, CVP is lower than the supine value, and remains slightly lower than the supine value in three of the four subjects after 24 h of −6 deg HDT; n = 4, one-way ANOVA, * P < 0. pressure in microgravity (Videbaek & Norsk, 1997) . Ultrasound demonstrated that the cross-sectional area of the jugular veins increased during 0 g (Fig. 3D) , which implies that a continuous venous fluid column between the dural venous sinuses and the right atrium exists in microgravity, which influences ICP (Davson et al. 1973) . The location of the hydrostatic indifference point for the CSF was not related to the fall in ICP in 0 g (Fig. 3E) ; however, there was a modest predictive trend between body weight (a surrogate measure of weight on the chest which is eliminated in 0 g) and the fall in ICP in 0 g (40% of the variance, P = 0.097, Fig. 3F ). Arterial blood pressure was stable between the supine and 0 g conditions ( −1.85 ± 5.1 mmHg, Fig. 3C ).
Study 3: 24 h of simulated microgravity with −6 deg HDT
Although the reduction in ICP during acute microgravity (Study 2) was clear and unequivocal, the duration of microgravity with each parabolic arc lasted only ß20-30 s. Therefore, the effect of longer periods of microgravity on ICP remained unknown. To address this question, we placed subjects in the −6 deg HDT position for 24 h (Fig. 5A ). This widely used Earth-based model of prolonged microgravity has been shown to cause cephalad fluid shifts similar to those observed in space (Pavy-Le Traon et al. 2007) . Transition from supine to −6 deg HDT caused an immediate, albeit slight increase in ICP (Fig. 5B ) in every subject ( 1.8 ± 0.5 mmHg, Fig. 5C ). In contrast, the CVP was unchanged ( −0.49 ± 0.5 mmHg, Fig. 5C ). Because the head is below the heart in the −6 deg HDT position, the pressure of the cerebral venous and CSF systems, when compared to their respective hydrostatic indifference points, is increased proportional to the length of the hydrostatic column, which explains the increase in ICP (Fig. 6) . After 3 h of HDT, the ICP returned to the supine value ( 1.1 ± 2.3 mmHg, Fig. 5C ) probably due to the reduction in CVP, which equates to sagittal sinus pressure in the HDT position. At night, during quiet rest and sleep, ICP was slightly reduced compared to the supine posture ( −3.1 ± 1.4 mmHg), also corresponding to a slight fall in CVP ( −3.45 ± 1.6 mmHg, Fig. 5C ). By the end of 24 h HDT simulated microgravity, when subjects were awake, ICP and CVP had returned to baseline supine values (ICP, 14.8 ± 3.7; CVP, 5.3 ± 3.2 mmHg, Fig. 5C ). This normalization of ICP occurred despite a persistent hydrostatic gradient from the heart to the head over the previous 24 h, as evidenced by persistent jugular venous distension (Fig. 5D) .
During quiet rest and sleep in HDT, the ICP pulse amplitude was slightly reduced compared to the supine posture, implying that intracranial compliance was unchanged or slightly improved (Fig. 7) . One subject was noted to have B-waves (normally associated with impaired intracranial compliance) sporadically during quiet rest and sleep during HDT; however, the same pattern was seen while this subject was awake in the supine posture, so the B-waves seen during sleep in the HDT posture were not necessarily due to simulated microgravity. A, in the −6 deg HDT model, the head is placed below the heart. Therefore, the slight foot-to-head (Gz) hydrostatic gradient causes pressure within both the venous and cerebral spinal fluid systems to increase proportional the length of the hydrostatic column superior to their respective hydrostatic indifference points. B, from the supine measurement of central venous pressure and the L-HIP vein , dural sinus pressure (P d ) was predicted to increase by 2.9 ± 0.2 mmHg. Thus, according to the Davson equation, intracranial pressure (ICP) must rise to exceed dural sinus pressure to maintain cerebral spinal fluid absorption into the sinus. Indeed, the predicted increase in ICP based on the L-HIP CSF model (1.2 ± 0.6 mmHg) and the measured increase in ICP (1.8 ± 0.5 mmHg) were similar. Nevertheless, the important take home message is that ICP did not increase substantially beyond that expected by simple hydrostatic gradients, and thus cephalad fluid shifts do not cause disproportionate and pathological increases in ICP. [Colour figure can be viewed at wileyonlinelibrary.com] Study 4: elevated inspired CO 2 concentration and leg press resistance exercise When compared to the resting condition while breathing ambient air, the addition of 0.7% CO 2 (which is the maximum 24-h peak concentration on the International Space Station; Alexander, 2012) had no effect on ICP either in the supine posture, or at any time during the 24 h of simulated microgravity with HDT bedrest (Fig. 8A) . Furthermore, the addition of 0.7% CO 2 during parabolic flight slightly exaggerated the fall in ICP during acute zero gravity (normocapnia, −3.8 ± 2.9; 0.7% CO 2 , −5.4 ± 2.6 mmHg, Fig. 8B ). CVP and ICP generally increased during the contraction phase of leg press exercise ( Fig. 9A) . However, there were important differences observed based on the subject's breathing pattern. For example, when participants performed a Valsalva manoeuvre during leg press -thereby markedly increasing intrathoracic pressure -BP, CVP and ICP rose (Fig. 9B) , and during the relaxation phase, arterial blood pressure, CVP and ICP fell immediately (Fig. 9B) Carbon dioxide (CO 2 ) was administered via a tight fitting facemask for 3-5 min prior to a set of parabolas or steady-state data collection during bedrest. A, the intracranial pressure (ICP) response to 0.7% CO 2 is similar between the supine and acute (5 min) and prolonged (24 h) simulated microgravity conditions. Note that 0.7% CO 2 did not clinically increase ICP even after 5 min of HDT despite mean ICP being slightly elevated; n = 4, one-way ANOVA. B, comparison of the decrease in ICP during microgravity whilst breathing normal air (normoapnia) versus 0.7% CO 2 ; n = 8, paired t test. [Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 595.6 resulted in an almost constant arterial-venous pressure gradient throughout the brain (Haykowsky et al. 2003) and therefore cerebral perfusion was maintained throughout exercise. When participants performed a Muller manoeuvre, which reduces intrathoracic pressure and CVP, during the leg extension phase, the rise in ICP was attenuated (Fig. 9C) . These observations were consistent in the supine, acute microgravity and prolonged microgravity conditions (Fig. 9D-G) .
Discussion
This series of experiments, which are the first to make direct ICP measurements in humans during 0 g and prolonged simulated microgravity, provide convincing evidence against the hypothesis that ICP is pathologically elevated in 0 g. In fact, removing gravity reduced the ICP compared to the supine posture. Other key findings of this study that are relevant for the physiology of gravity and hydrostatic influences on the circulation of the brain include: (a) in 1 g conditions on Earth, upright ICP is always lower (and substantially so) than supine ICP; (b) gravitational effects on fluid pressures in the head with postural adjustments occur rapidly, with no evidence for a slow progressive rise over time in the prolonged simulated microgravity condition; (c) the reduction in ICP upon exposure to acute microgravity led to a microgravity ICP that was consistently above the upright values; and (d) neither mildly elevated inspired CO 2 levels, nor resistance exercise are likely to contribute to or exacerbate an elevation of ICP in space. Humans typically spend two-thirds of their time in the upright position (lower ICP) while awake, and one-third of their time supine (higher ICP) while sleeping at night. Thus, due to the influence of gravity, ICP in humans is low for about two-thirds of each day. While ground-based models of microgravity (Petersen et al. 2015; Eklund et al. 2016) suggest that ICP may be elevated in space, in true 0 g, the influence of gravity is removed and ICP falls to an equilibrium point between the upright and supine postures. We speculate here that the absence of diurnal, postural reductions in ICP relative to IOP (Anderson et al. 2016; Petersen et al. 2015; Eklund et al. 2016) in microgravity creates a persistently lower pressure gradient at the posterior aspect of the eye [i.e. a lower translaminar pressure gradient (IOP-ICP) that may result in optic remodelling (Zhao et al. 2015) ]. Interestingly, IOP is elevated in 0 g relative to the upright posture on Earth (Anderson et al. 2016) , so the effect of microgravity on the pressure gradient at the posterior aspect of the eye (translaminar pressure) may be smaller than expected, yet over prolonged periods of time may be sufficient to cause optic remodelling.
This proposed pathophysiology of visual impairment is in line with the observed time-dependent, mild to moderate clinical pattern and persistent presence of optic remodelling seen in astronauts on their return to Earth (Mader et al. 2011) . The fact that simply placing the head on a pillow lowers ICP, which would be greater with head of bed elevation (Qvarlander et al. 2013b) , explains why individuals clinically or experimentally confined to bed rest do not commonly present with visual abnormalities. The hypothesis of persistent 'overloading' of the ICP in 0 g is analogous to the pathological left ventricular remodelling due to regurgitant valvular heart disease, whereby volume loading of the left ventricle occurs with every heartbeat (Gaasch & Meyer, 2008) . In contrast, the normal diurnal variation of ICP on Earth may be considered analogous to the intermittent volume loading of the left cardiac ventricle with endurance training, which causes beneficial remodelling. Thus, the adaptive 'stress-recovery' of exercise improves heart health, while unremitting stress causes cardiac dysfunction.
Clinically, female astronauts appear to have less severe visual impairment during long duration space missions than men (Platts et al. 2014) . Although the number of females we studied was small, some observations of apparent sex differences may be informative. Compared to males, haemodynamic changes were similar, yet females typically displayed an ICP in 0 g closer to their estimated 24 h ICP on Earth (calculated as one-third supine; two-thirds sitting; Fig. 4B ). Such a smaller dissociation between average Earth and microgravity conditions would result in a lower relative pressure gradient behind the eye in females than males, possibly explaining the similar incidence but decreased severity of visual impairment in female astronauts (Platts et al. 2014) .
In conclusion, normal changes in posture cause very large changes in ICP in humans. Complete removal of gravitational gradients (zero gravity of space) does not pathologically elevate ICP but does prevent the normal lowering of ICP when standing. Importantly, despite the acute short duration of zero gravity during parabolic flight, we saw no evidence of a progressive rise in ICP due to cephalad fluid shifts with prolonged simulated microgravity in the HDT position. Thus, at present, we have no physiological data to support the hypothesis that ICP should be greater than that observed in zero gravity during parabolic flight. The clinical implication of these findings is that the human brain and eye are protected by the daily circadian cycles in regional ICPs, without which pathology occurs. Creative strategies to maintain relative circadian cycles in ICP should be used in astronauts and clinical patients obligated to bed rest.
